Herpesviruses use multiple virion glycoproteins to enter cells. How these work together is not well understood: some may act separately or they may form a single complex. Murine gammaherpesvirus 68 (MHV-68) gB, gH, gL, and gp150 all participate in entry. gB and gL are involved in binding, gB and gH are conserved fusion proteins, and gp150 inhibits cell binding until glycosaminoglycans are engaged. Here we show that a gH-specific antibody coprecipitates gB and thus that gH and gB are associated in the virion membrane. A gH/gL-specific antibody also coprecipitated gB, implying a tripartite complex of gL/gH/gB, although the gH/gB association did not require gL. The association was also independent of gp150, and gp150 was not demonstrably bound to gB or gH. However, gp150 incorporation into virions was partly gL dependent, suggesting that it too contributes to a single entry complex. gp150
Many viruses devote just one glycoprotein to cell binding and membrane fusion. Herpesviruses devote at least three (35) . For example, herpes simplex virus requires gH, gL, gB, and gD for virion infectivity (7) and for transfection-based membrane fusion (41) . gH, gL, and gB of Epstein-Barr virus (EBV) or Kaposi's sarcoma-associated herpesvirus suffice for epithelial membrane fusion (15, 17, 29) . Although the individual components of herpesvirus entry are well known, how they work together is not. They could act independently, be dispersed on virions and then recruited into a complex by cell binding, or form a complex from the start (16, 30) . An added complication is that glycoprotein functions may be cell type specific and different entry complexes made. For example, EBV uses gp350 (40) and gp42 (42) specifically to infect B cells and makes virions with less gp42 that preferentially infect epithelial cells (5) .
How virion entry proteins are deployed is important because they are prime neutralization targets. An understanding of their physical form should tell us how neutralization might best be achieved. We are using murine gammaherpesvirus 68 (MHV-68) (3, 33, 38) to define routes to gammaherpesvirus neutralization. Monoclonal antibodies (MAbs) against gH/gL (11) or gB (12) can block MHV-68 infection at a postbinding step, but neither works very well. This may reflect that sensitive neutralization epitopes are protected by associations between virion glycoproteins and revealed only after cell binding. A key initiating event in MHV-68 infection of fibroblasts and epithelial cells involves gp150 and glycosaminoglycans (GAGs) (8) . The gp150-GAG interaction does not itself appear to provide significant binding. Instead it relieves a constitutive, gp150-mediated binding inhibition (14) . Thus, gp150-deficient virions show little or no deficit in GAG ϩ cell infection and much enhanced GAG Ϫ cell infection. EBV gp350, a gp150 homolog, analogously inhibits epithelial infection (32) . The major defect of gp150-deficient MHV-68 is poor virion release, presumably because gp150
Ϫ virions bind back to the relatively GAG-deficient surfaces of infected cells, whereas gp150 ϩ virions do not (8) . Consistent with this model, gp150-deficient virions bind better than the wild type to GAG-deficient CHO cells (14) . The implication is that gp150 covers a key cell binding epitope on another virion glycoprotein until it is removed by GAGs and therefore that it is part of a larger entry complex. That GAGs cover a cellular ligand seems less likely, because a cellular GAG deficiency markedly reduces MHV-68 binding (14) .
In contrast to some other herpesviruses (31) , MHV-68 does not require gL for entry (13) . gL-deficient mutants have a cell binding deficit but no obvious deficit in membrane fusion, since cell-cell spread is unimpaired (13) . The conformation gH alone adopts is antigenically quite different from that of gH plus gL (11, 13) , suggesting that gH/gL is an accessory cell binding module while gH alone is closer to the crucial fusion form. gM is essential (22) and it is possible that gM and gN contribute to entry. But comparison with EBV (19) would suggest that they function mainly in assembly and egress. Thus, the essential (27, 34) entry components are gB and gH. In order to understand better how MHV-68 entry works, we have addressed the following questions: whether gH and gB form a complex and whether this is influenced by gL or gp150, whether gp150 regulates gL-dependent cell binding, and whether MHV-68 remains infectious when it lacks both gL and gp150. penicillin, 100 g/ml streptomycin, and 10% fetal calf serum (PAA Laboratories, Linz, Austria). Medium for MEFs was further supplemented with 50 M 2-mercaptoethanol. L929-gp150 cells were made by retroviral transduction (4) . The gp150 coding sequence (genomic coordinates 69466 to 70917) was amplified by PCR (Hi Fidelity PCR kit; Roche Diagnostics Ltd., Lewes, United Kingdom) using 5Ј and 3Ј primers that incorporated EcoRI and XhoI restriction sites, respectively. The PCR product was cloned into the EcoRI and XhoI sites of pMSCV-IRES-ZEO (4) and transfected with the pEQPAM3 packaging plasmid (28) into 293T cells by use of Fugene-6 (Roche Diagnostics). Supernatants were collected 48 h and 72 h posttransfection, supplemented with 6 g/ml Polybrene, and added to L929 cells. Transduced cells were selected with 500 g/ml Zeocin (Invitrogen Corporation, Paisley, United Kingdom).
Viruses. Disruptions of gL (13), gp150 (8) , and enhanced green fluorescent protein (eGFP)-tagged glycoprotein M (12) were combined by shuttle vectorbased bacterial artificial chromosome (BAC) mutagenesis (1) and analyzed by restriction enzyme digestion and ethidium bromide staining of electrophoresed DNA fragments. Viruses were reconstituted by transfecting BAC DNA into BHK-21 cells with Fugene-6. For in vivo infections, the loxP-flanked BAC cassette was removed by virus passage through NIH-3T3-CRE cells (37) . Virus stocks were grown and virus titers determined by plaque assay in BHK-21 cells (8) . Infected cells and supernatants were sonicated after harvesting, cell debris was pelleted by low-speed centrifugation (1,000 ϫ g, 3 min), and virions were recovered from supernatants by high-speed centrifugation (38,000 ϫ g, 90 min). Latent virus in spleens was measured by infectious center assay (8) on MEF monolayers, which were fixed and stained for plaque counting after 5 days. Preformed infectious virus-that recovered from freeze-thawed spleen homogenates-contributed Ͻ1% of the total recoverable infectivity (data not shown), so the infectious center assay essentially measured reactivating latent virus.
Antibodies. All MHV-68-specific MAbs were derived from MHV-68-infected BALB/c mouse spleens by fusion with NS0 cells. These were as follows: for gp150, T1A1, T7F5 (14) , and T4G2 (8); for gp70, 58-16D2 and T3B8 (14) ; for gH/gL, T2C12 and T7G7 (11); for gH only, MG-9B10, MG-4A12, MG-2E6, and MG-1A2 (13); for pan-gH, 8C1 (11); for gB, T1F7, T7H9 (21), MG-2C10, and MG-4D11 (12); for gp48, T8A11 (25) and 6D10 (23); for gN, 3F7 (22) ; and for ORF17, 150-7D1 (13) .
Flow cytometry. Cells exposed to eGFP ϩ viruses were trypsinized, washed in phosphate-buffered saline (PBS), and analyzed directly for green fluorescence. For surface staining, cells were incubated (1 h, 4°C) with MHV-68 glycoproteinspecific MAbs followed by fluorescein-conjugated rabbit anti-mouse immunoglobulin G (IgG) polyclonal antibody (PAb) (Dako Cytomation, Ely, United Kingdom) or Alexa 633-conjugated goat anti-mouse PAb (Invitrogen) (1 h, 4°C). B cells were stained with a phycoerythrin-conjugated, CD19-specific rat MAb (BD Biosciences, Oxford, United Kingdom). The cells were washed two times in PBS and analyzed on a FACSCalibur using Cellquest software (BD Biosciences).
Immunoprecipitation and immunoblotting. MHV-68 virions were lysed (45 min, 4°C) in 1% digitonin, 50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride plus Complete protease inhibitors (Roche Diagnostics). Insoluble debris was removed by centrifugation (13,000 ϫ g, 15 min). Viral glycoproteins were then precipitated with glycoprotein-specific MAbs plus protein A-Sepharose. The beads were washed five times in lysis buffer and the precipitated proteins eluted by heating (95°C, 5 min) in Laemmli's buffer, resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to polyvinylidene difluoride membranes. The membranes were then probed with MHV-68-specific MAbs plus horseradish peroxidase-conjugated goat anti-mouse IgG2a or IgM PAbs (Southern Biotech, Birmingham, AL), followed by enhanced chemiluminescence substrate development (APBiotech). Virion lysates were denatured and immunoblotted directly. In general, the amount of lysate loaded on gels was 1/20 of the amount used for immunoprecipitations.
RESULTS
Glycoproteins B and H associate in the MHV-68 virion membrane. We first tested whether gB and gH-the core components of MHV-68 entry-were associated in virions. Such an association would make functional sense, as gB and gH both play key roles in herpesvirus membrane fusion (41) but has not been clearly established for any herpesvirus. Wild-type MHV-68 virions were recovered from infected cell supernatants and lysed in 1% digitonin. gH was then immunoprecipitated with MAb 8C1, which recognizes gH regardless of whether gL is present (13) . The H2-K b -specific MAb Y3 provided an isotype-matched control. The precipitates were immunoblotted for gB, gp70, gN, gp48, and gp150 ( Fig. 1 ). gN associates with gM (22) and gp48 with ORF58 (23), so apart from ORF28 (24) , these immunoblots covered the main candidate glycoprotein partners for gH and gH/gL. gH precipitation clearly enriched for gB in comparison with gp70, gN, gp150, or gp48. The abundance of coprecipitating gB contrasted with the very limited amounts of coprecipitating gp70, gN, and gp150, which probably reflected some incomplete virion lysis and were felt not to be significant.
The association between gB and gH is independent of gL, gp150, and gp70. To date we have identified two MHV-68 gH conformations: one defined by MAbs such as T7G7, which recognize gH plus gL, and one defined by MAbs such as MG-9B10, which recognize gH alone in preference to gH/gL (13) . MAb 8C1 does not distinguish between these forms. Most of the gH in wild-type virions is bound to gL and therefore is 8C1 reactive and T7G7 reactive (13) . Both 8C1 and T7G7 coprecipitated gB ( Fig. 2A) . Thus, the major form of gH on wildtype virions was associated with gB.
The paucity of MG-9B10-reactive gH on wild-type virions (13) perhaps explains why this MAb failed to coprecipitate gB. However, MG-9B10 also failed to coprecipitate gB from gLdeficient virions ( Fig. 2A) , which contain more MG-9B10-reactive gH (13) . MAbs MG-4A12, MG-2E6, and MG-1A2, which like MG-9B10 recognize and immunoprecipitate gH alone in preference to gH/gL (13) , also failed to coprecipitate gB from either wild-type or gL-deficient virions (Fig. 2B) . The association between gB and gH did not depend on gL, as gB was readily coprecipitated from gL-deficient virions by MAb 8C1 ( Fig. 2A) . Instead, it appeared that gL-deficient virions may contain another form of gH associated with gB and recognized by MAb 8C1 but not recognized by MG-4A12, MG-2E6, MG-1A2, or MG-9B10. Although not all gH was necessarily associated with gB, there was a wild-type entry complex that included gH, gB, gL, and a gL-deficient entry complex that included gH and gB.
The gH/gB association was also independent of gp150 (gp150 Ϫ ) and gp70 (gp70 Ϫ ) (Fig. 2C ). MAb 8C1 even coprecipitated gB from MHV-68 lacking both gL and gp150. For each virus, gN was abundant in lysates and sparse in precipitates, whereas gB was abundant in both. Independence from gL suggested that the gH extracellular domain made little contribution to the gB/gH association, since it is antigenically quite different between wild-type and gL-deficient virions (11, 13) . And the association was much weaker in 1% Triton X-100 than in 1% digitonin (data not shown), implying that intramembrane interactions were important. The simplest interpretation would be a direct contact between gB and gH within the virion membrane.
Glycoprotein L promotes the incorporation of gp150 into virions. Although we could find no evidence by immunoprecipitation that gp150 associates with gH/gL or gB either in virions or in infected cells, immunoblots showed that virions lacking gL contained less gp150 than the wild type (Fig. 3A) . gL disruption also reduced gp150 staining on infected cell surfaces (Fig. 3B) . BHK-21 cells infected with gL-deficient MHV-68 displayed less surface gH, gB, and gp70 than the wild VOL. 81, 2007 MHV-68 ENTRY COMPLEX 13083 type, probably due to gL Ϫ virions binding poorly (13) , but gp150 was reduced much more. This reduction was surprising, since transfected gp150 reaches the cell surface without other viral proteins (Fig. 3C) . However, gp150 may be targeted to the trans-Golgi network in infected cells for secondary envelopment, such that it mostly reaches the cell surface on virions.
Cells infected with gp150-deficient MHV-68 showed no corresponding lack of gH/gL (Fig. 3D) . Indeed, more cell surface gH/gL and gB were detected by flow cytometry, consistent with more gp150-deficient virions accumulating on the plasma membrane than seen with the wild type (8) . Thus, while gp150 recruitment depended on gL, gH/gL recruitment did not depend on gp150. It is possible that gL interacted with gp150 independently of gH, but as gL binds to gH, the simplest explanation would be that gH/gL recruits gp150 to virions. This would make gp150 a fourth component of the MHV-68 entry complex, consistent with its function of regulating cell binding.
The gp150 knockout phenotype is independent of gL. The gL Ϫ MHV-68 phenotype of poor binding to BHK-21 cells (13) is very different from the gp150 Ϫ phenotype of poor release from BHK-21 cells and normal binding (8) . The reduction in gp150 content of gL-deficient virions was therefore incidental to their main phenotype. But did the gp150 knockout phenotype require gL? gp150 appears to cover a cell binding epitope (8, 14) ; gL contributes to cell binding, probably as gH/gL (13); and gL appeared to recruit gp150 to virions (Fig. 3) , again probably as gH/gL. It therefore seemed plausible that gp150 might cover a cell binding epitope on gH/gL. We tested this by measuring the binding to GAG-deficient cells of an MHV-68 mutant lacking both gL and gp150. In order to assay binding, the mutants were constructed on a genetic background of eGFP-tagged gM (12) . gM is an abundant virion protein, so this nonattenuating modification of the endogenous gM makes virions strongly fluorescent. Glycoprotein expression by each eGFP-tagged knockout virus (Fig. 4A ) was equivalent to that of the corresponding untagged knockout. Specifically, each virus expressed gp70, gL disruption precluded recognition by the gH/gL-specific MAb T2C12, gp150 disruption precluded recognition by the gp150-specific MAb T1A1, gL disruption reduced gp150 staining, and gp150 disruption increased gH/gL staining.
The gL Ϫ mutant bound less well than the wild type to GAG ϩ CHO cells (Fig. 4B) , consistent with published data (13) . However, the gL Ϫ gp150 Ϫ mutant showed no binding deficit. gp150 disruption therefore compensated for the binding deficit associated with gL disruption. This suggested that the reduced levels of gp150 on gL Ϫ virions (Fig. 3A) might mask somewhat the gL-associated binding deficit and could explain our previous observation that the deficit is quite variable between virus stocks (13) . The gL Ϫ gp150 Ϫ mutant also bound almost as well as the gp150 Ϫ mutant to GAG Ϫ CHO cells and much better than did the wild type. Thus, in this context the increase in binding from gp150 disruption was more important than the decrease in binding from gL disruption. The gp150 knockout phenotype clearly did not depend on gL.
Similar results were obtained using human cytomegalovirus IE1 promoter-driven viral eGFP expression as a readout of infection (Fig. 4C) . Although MHV-68 does not form plaques on CHO cells, eGFP expression provides a sensitive measure of infection, since eGFP ϩ virus titers on CHO cells are at least equal to plaque titers on BHK-21 cells or MEFs. In this assay, viruses and cells were left together overnight. Thus, the gL knockout had time to infect GAG ϩ CHO cells at a level equivalent to wild-type virus. But the wild type was still unable to infect GAG Ϫ CHO cells at a level approaching that of the gp150 Ϫ gL Ϫ mutant. These data were consistent with gL-dependent binding being less important for CHO cell infection than gp150/GAG-revealed binding. Indeed, even the gL knockout infected GAG Ϫ CHO cells better than the wild-type virus did, consistent with its lower gp150 content (Fig. 3A) . The gL knockout did not show increased binding to the GAG Ϫ CHO cells (Fig. 4B) , possibly because this was a less sensitive assay: infection with a single virion should give eGFP expression, whereas detectable binding requires multiple virions. Also, less time was available for binding than for infection. Alternatively, the modest gp150 deficiency of the gL knockout could have enhanced infection after binding. Increased GAGdeficient cell infection by gp150-deficient MHV-68 correlates with increased binding, but gp150 could also inhibit the infection of GAG-deficient cells downstream of binding. gp150 and gL are both dispensable for binding to B cells. MHV-68 lacking gL binds normally to NS0 myeloma cells (13) , and MHV-68 lacking gp150 infects NS0 cells better than the wild type (8) . Both single-gene knockouts also establish normal latency in splenic B cells. However, this could reflect some functional redundancy between gL and gp150. We therefore tested whether a lack of both might compromise MHV-68 binding to CD19 ϩ splenic B cells (Fig. 5) Ϫ gL Ϫ MHV-68 could infect B cells in vivo. This was a necessary test since MHV-68 may not infect B cells in vivo as cell-free virions; direct cell-cell viral spread is also possible. BALB/c mice were infected intranasally with wild-type or knockout viruses, and 13 days later, at the peak latent load, virus-infected spleen cells were enumerated by infectious center assay (Fig. 6A) . There was no significant difference between any of the viruses. We also tested spleen cell colonization at 12 days postintraperitoneal infection (Fig. 6B) . Here, the gL knockout showed a deficit, although latency was still established. The gL Ϫ gp150 Ϫ double knockout showed no deficit. Thus, in this setting as in vitro (Fig. 4B ), gp150 disruption may be able to compensate for a binding deficit associated with gL disruption.
DISCUSSION
Herpesvirus entry is complicated. The example of EBV suggests that gammaherpesviruses infect different cells in different ways: gp350/gp42/gB/gH/gL for B cells and gH/gL/gB for epithelial cells, with gp42 and gp350 being inhibitory (5, 32) . MHV-68 offers an interesting comparison. gB and gH are also likely to be involved in membrane fusion (15, 29, 41) , and their association in the virion membrane was consistent with an integrated function. The association was independent of gL and gp150. These accessory components appeared to modify the core entry complex to promote epithelial cell/fibroblast infection: gL by improving cell-type-specific binding and gp150 by making binding GAG dependent. The effects reinforced each other, in that gL promoted gp150 incorporation into virions. MHV-68 has no obvious gp42 homolog, but the modification of gH by gL (11, 13) is perhaps analogous to the modification of the EBV gH/gL by gp42 (20) . MHV-68 does not seem to show the producer cell-dependent tropism switch of EBV (5): most gH in fibroblast-derived MHV-68 virions is complexed with gL (13), and there is enough gp150 to maintain GAG dependence. Thus, fibroblastderived viruses infect fibroblasts-the basis of plaque assays.
DNA sequence analysis suggests the intriguing possibility that gp150 could be spliced to reduce its stalk length and hence its inhibitory effect. However, we have found no evidence for this by reverse transcription-PCR from MHV-68-infected epithelial cells, fibroblasts, or macrophages (data not shown). (39) . They also found less B-cell binding by a gp150 knockout recovered from mouse lungs. We find their data unconvincing. The large deletion they used to disrupt gp150 could easily have disrupted another viral function, as the latency transcripts of MHV-68 remain largely unmapped. Furthermore, they generated just one mutant. BAC-based revertants do not control for problems after virus reconstitution, so an independent mutant is usually required to establish a phenotype. With regard to binding, (i) virus from lungs tends to be heavily contaminated with cell debris, making accurate binding estimates difficult; (ii) ex vivo virus may have antibody and complement attached; and (iii) the difference observed in viral genome copy numbers was marginal at best, i.e., less than twofold by real-time PCR. Thus, we feel that no good evidence exists for gp150 promoting B-cell infection. Our data would argue the converse.
Why should gammaherpesviruses limit infection by adding inhibitory glycoproteins to the entry complex? A possible explanation is antibody evasion. If gp150 hides a cell binding epitope from its ligand, it should also hide it from antibody. How would this work? gH/gL was evidently not the main cell binding ligand protected by gp150, since gp150 disruption enhanced cell binding even without gL. However, gH/gL might be protected as well. A need for GAG interactions to reveal gH/gL for binding could explain why gL-dependent binding was not evident for GAG-deficient CHO cells (Fig. 4B) . (gH/gL itself does not appear to bind to GAGs [14] .) The most likely main candidate for gp150-regulated binding is gB: Nterminal gB binds to cells (14) and an association of gp150 with gH/gL (inferred from gL-dependent gp150 incorporation into virions) would also bring it close to gB, since gB and gH were linked. The rescue of gL-deficient BHK-21 cell binding to above wild-type levels by gp150 disruption (Fig. 6 ) indicated that the binding regulated by gp150 was at least as strong as that dependent on gL. But if gL-dependent binding is weak, why did the gL knockout bind noticeably less well than the wild type to GAG ϩ CHO cells (Fig. 4B) ? It is possible that the contribution of gL to cell binding is partly indirect. For example, gH/gL binding could help to displace gp150 from gB. Thus, without gH/gL the displacement of gp150 by GAGs may be inefficient.
Cell binding by virions is evidently very different from that by recombinant glycoproteins. For example, the MHV-68 gp70 is abundant in virions and binds strongly to GAG ϩ cells (14) , yet gL-deficient MHV-68 binds poorly to GAG ϩ cells despite expressing gp70, while gp70-deficient MHV-68 shows no deficit (14) . Two considerations stand out. First, while secreted glycoproteins (which include gp70) may need a high affinity to bind, the very high avidity of virions should allow good binding even at low affinity. Second, glycoproteins on virions may be constrained by their interactions to operate in series rather than in parallel. There is crystallographic evidence for conformation changes in the human immunodeficiency virus gp120 (6) and the herpes simplex virus gD (18) . These examples are hardly likely to be unique. The associations and functional interactions reported here suggest that the MHV-68 entry glycoproteins form a single complex that sequentially engages host ligands. A possible sequence would be gp150 reversibly engaging GAGs to reveal gH/gL, gH/gL engagement promoting further gp150 displacement and revealing gB, and then gB engagement triggering entry. If the whole cascade is dependent on gp150 engaging GAGs, can antibody block infection at this step? We have found no evidence for this: neither gp150-specific sera nor Ͼ100 gp150-specific MAbs neutralize infection to a significant degree (L. Gillet and P. G. Stevenson, unpublished data). The simple electrostatic interactions typical of GAG binding are widespread in mammalian physiology, so antibodies against GAG-binding patches may be counterselected by the need to avoid autoreactivity. The prevalence of GAG interactions in persistent virus infections suggests that on September 12, 2017 by guest http://jvi.asm.org/ they provide a relatively protected key with which to unlock viral entry.
